Porcine teschovirus (PTV) comprises at least 13 genotypes (PTV 1-13). Here, the genotypes of field strains prevalent among pig populations in Hunan Province, China, were identified. Multiple PTV genotypes, including all genotypes except PTV 7 and 8, were found co-circulating in the pig populations, reflecting a high genetic diversity. Moreover, we identified nine novel PTV genotypes, provisionally designated as PTV 14-22. PTV 21-HuN41 and PTV 21-HuN42 were successfully isolated, and their nearly complete genomes were sequenced. Homology comparison of the polyprotein genes of PTV 21-HuN41-42 to those of other known PTVs revealed low identities, ranging from 70.1 to 71.9 % (nucleotide identity) and 75.4 to 77.6 % (amino acid identity). Moreover, PTV 21-HuN41-42 were identified as a novel teschovirus species (tentatively Teschovirus B), based on the analyses of phylogenetics and evolutionary divergence. The findings of this study are expected to greatly enrich our knowledge of PTV genotypes.
Taxonomically, Teschovirus A, formerly Porcine teschovirus (PTV), belongs to the genus Teschovirus within the family Picornaviridae [1] . The PTV genome consists of a single molecule of linear, positive-sense, single-stranded RNA, about 7.1 kb in size. It comprises a single, large open reading frame (ORF) that is translated into a single polyprotein varying in length from 2202 to 2207 amino acids [2, 3] . Domestic pigs and wild boars are the only known hosts [4] , and most PTVs infecting swine are often non-pathogenic [5] . However, since teschovirus encephalomyelitis, also known as Teschen or Talfan disease, was first reported in Teschen, Czechoslovakia in 1929 [6] , sporadic infections caused by highly pathogenic strains of PTV have been associated with a variety of clinical symptoms, including polioencephalomyelitis, female reproductive disorders, and enteric and respiratory disease [5, [7] [8] [9] [10] [11] [12] [13] [14] . At present, a high prevalence of PTV in healthy pig populations has been described in some countries [3, 15, 16] .
PTV comprises at least 13 genotypes (PTV 1-13), including recently identified genotypes [4, 17] . Of these, only 12 genotypes (PTV 1-11) have been recognized as serotypes to date [17, 18] . Although the high prevalence of PTV in faeces has been reported in our previous study [3] , the genotypes of field strains prevailing in pig populations are unclear. The aim of this study was to determine the PTV genotypes prevalent in Hunan, China.
A total of 460 pig faecal and 118 intestinal content samples were analysed in this study. Most of the samples (261 faecal and 91 intestinal content) were collected from February 2014 to April 2017 and were previously investigated in a published study, in which details on sample collection, virus isolation and RT-PCR analysis are described [3] . However, the genotypes of field strains from PTV-positive samples were not previously identified. In this study, these PTV-positive samples were analysed together with a small number of additional PTV-positive field samples (199 faecal and 27 intestinal content) obtained from March 2015 to October 2017 as PTV, by an RT-PCR method as described [3] . In total, 75 samples positive for PTV were selected in this study (Table S1 , available in the online version of this article).
The known genomic sequences of PTV were downloaded from GenBank and analysed with the Lasergene package (DNAStar Inc., Madison, WI, USA). As the sequences of the regions flanking the VP1 gene are highly variable among PTV strains, five different nested-PCR methods were designed based on the grouping results of the phylogenetic analysis of these regions, with the aim of amplifying the complete VP1 gene sequence of all PTV strains (Table S2) (Table S1 ).
After the removal of the flanking non-VP1 ends, multiple sequence alignment of the complete VP1 gene sequence was carried out using the ClustalW program within the DNAStar software package. Phylogenetic analysis was carried out by MEGA 6.06 using maximum-likelihood (ML) methods [19] . The best-fit model of nucleotides for the dataset was determined using jModelTest 2.1.10 [20] . Specifically, for the amino acid sequence analysis, the Poisson correction model and Jones-Taylor-Thornton (JTT) model were used for the ML method, with gamma-distributed rate heterogeneity and proportion of invariant sites (G+I).
Phylogenetic analysis of the complete VP1 gene of the PTVYTTs, together with the other PTV reference strains (Table S3) , revealed 17 major genotypes that were delimited using the ML method. Forty-seven of 90 PTV-YTTs clustered into 11 of the 13 known PTV genotypes: three (3.33 %) were classified as PTV 1; six (6.67 %) as PTV 2; six (6.67 %) as PTV 3; four (4.44 %) as PTV 4; two (2.22 %) as PTV 5; six (6.67 %) as PTV 6; seven (7.78 %) as PTV 9; three (3.33 %) as PTV 10; four (4.44 %) as PTV 11; three (3.33 %) as PTV 12; and 3 (3.33 %) as PTV 13 ( Fig. 1) . However, 43 PTV-YTTs clustered into nine distinct, novel genotypes, tentatively named PTV 14-22, which were separated from the known PTV genotypes (Fig. 1) . No representatives of PTV genotypes 7 or 8 were found in this study.
Since PTV 13 has never been isolated, the supernatants of 19 of the samples identified as PTV 13 and/or as one of the novel PTV genotypes by sequencing and phylogenetic analysis of the complete VP1 gene were selected and passed through sterile 0.22 µm filters (Pall Corp., Port Washington, NY, USA) before being diluted 1 : 10 in DMEM containing 1 % penicillin/streptomycin and incubated with monolayers of swine testicular (ST) cells in 24-well culture plates (Corning, Corning, NY, USA) for 1 h at 37 C in a 5 % CO 2 environment. Fresh DMEM/2 % newborn calf serum (Invitrogen, Waltham, MA, USA)/1 % penicillin/streptomycin was then added, and incubation was continued for 4 days. Cultures were freeze-thawed three times and centrifuged at 4000 g for 5 min. The clarified supernatants were then passaged in fresh ST cells. After three passages in ST cells, obvious cytopathic effects, characterized by refraction, shrinkage and rounding of cells, appeared in five samples. Culture supernatants were collected and stored at À80 C until required.
Viral RNA was extracted from the supernatants, and reverse transcription was carried out using the RevertAid FirstStrand cDNA Synthesis Kit (Invitrogen, Waltham, MA, USA) according to the manufacturer's instructions. PCR amplification of cDNA was carried out using Pfu DNA polymerase. The primer sets used to amplify the complete VP1 gene are indicated in Table S2 , and three different nested PCR methods were also designed based on the grouping results of the phylogenetic analysis of the 3ABC gene flanking regions (Table S4 ). The primers, located in conserved regions of the 5¢ and 3¢ UTRs, were designed based on published genomic sequences of PTV reference strains (Table S4 ). The primers, located in the N-terminal and C-terminal regions of the VP1 and 3ABC genes, were designed based on the sequencing results of the PTV strains identified in this study. Finally, three primer sets, together with the methods to amplify the complete VP1 and 3ABC genes, were designed to amplify overlapping regions of the polyprotein genes of each identified PTV strain. The PCR products were purified by agarose gel electrophoresis and then sequenced (Tsingke).
The complete VP1 genes of these five PTV strains were sequenced, and two strains (tentatively named PTV-HuN41 and PTV-HuN42) were identified as PTV 21. The three other strains (tentatively named PTV-HuN43-45) were identified as PTV 5, 9 and 11 (known PTV genotypes), respectively, based on the phylogenetic analysis of the VP1 gene (Fig. 1) . However, PTV 13-20 and 22 have still not yet been successfully isolated. The nearly complete genomes of PTV 21-HuN41-42 and complete VP1 genes of PTVHuN43-45 were sequenced and submitted to GenBank (accession nos MG875515-MG875519) (Table S1 ).
Through coding sequence alignment of PTV 21-HuN41-42 with other known PTVs (Table S3) , the sequences coding for the polyproteins of PTV-HuN41 and HuN42 were found to contain 6651 and 6645 nucleotides, encoding 2217 and 2215 amino acids, respectively. Homology comparison of the polyprotein genes of PTV-HuN41 and PTV-HuN42 revealed nucleotide and deduced amino acid sequence identities of 85.4 and 92.7 %, respectively (Table S5) . Alignment of the ORF sequences of the two PTV-HuNs with those of other PTV strains from GenBank revealed low identities, ranging from 70.1 to 71.9 % (nucleotide identity) and 75.4 to 77.6 % (amino acid identity) (Table S5) . Moreover, the pairwise distances of VP1, P1, 3Cpro and 3Dpol between PTV 21 and the other PTV genotypes revealed apparent genetic diversity (Tables 1, S6-S8) . Especially, the average genetic distance of PTV 21 to PTV 1-13 ranges from 0.14 to 0.15 (3Dpol) to 0.20-0.21 (3Cpro), whereas the average (Tables S7  and S8) , and genetic distance of P1 between PTV 21 and the other PTVs is always greater than 0.34, whereas the genetic distance between PTV 1-13 is usually lower than 0.23 (Table S6) . Therefore, these data clearly indicate that 'PTV 21' is not a novel type but a novel teschovirus species (tentatively Teschovirus B). Moreover, a phylogenetic tree of P1 demonstrated greater evolutionary distances of the novel species in comparison to the established teschovirus types (Fig. 2a) , and a 3CD tree demonstrated that the novel species represents a distinct branch in comparison to Teschovirus A (Fig. 2b) . Additionally, the genetic distance of P1 within Teschovirus B is 0.158, whereas the other PTVs have values ranging from 0.032 to 0.076 (Table S6) , which indicates that Teschovirus B comprises at least two types.
To assess the role of homologous recombination in the evolution of PTV-HuN41-42, we performed recombination analysis of the polyprotein genes of the two PTV-HuNs along with those of other known PTV strains using the Recombination Detection Program (RDP) [21] and SimPlot program [22] . However, no significant recombination events were detected in the polyprotein genes of these two isolates.
Thus far, serological assays have been used mainly for PTV classification. On the basis of the cross-neutralization assays of 11 PTV prototype strains (PTV 1-11), Zell et al. [18] first proposed that PTV comprises at least 11 distinct serotypes. Moreover, phylogenetic analysis based on the capsid protein (P1) gene sequence confirms the existence of distinct serotypes, as demonstrated by serological methods. Subsequent studies have demonstrated that phylogenetic analyses based on both the VP1 and P1 gene sequences are reliable approaches for PTV (sero)typing [4, 10, 16, [23] [24] [25] . Thirteen PTV genotypes have been reported to date, with PTV 11-13 being the most recently identified [4, 17, 18] . In the present study, phylogenetic analysis of the complete VP1 gene revealed that most of the known PTV genotypes, except PTV 7 and 8, were found. In particular, nine novel genotypes, distinct from the 13 known PTV genotypes, were identified. However, the accuracy of the classification of these novel PTV genotypes as corresponding with their serotypes warrants further research. In addition, only the VP1 gene of PTV 13-20 and 22 has been sequenced, so the accurate classification of these strains requires more complete sequence information for confirmation. Therefore, further prototype strains or novel classification methods are needed for PTV genotyping.
Generally, porcine kidney cell lines have been used for PTV isolation [3, 11, 23, 26, 27] , and strains of PTV 1-12 have been successfully isolated to date, with prototype strains of PTV 1-11 established by Zell et al. [18] . In addition, the CC25 strain was recently proposed to be the prototype strain of PTV 12 [17] . In the present study, ST cells were used for the isolation of PTV 13 and novel genotypes, and two strains (HuN41-42) ultimately identified as Teschovirus B were successfully isolated from ST cells. However, the culture of these two strains in porcine kidney cells was unsuccessful, demonstrating that ST cells exhibit host susceptibility to these strains. Although PTV-HuN41-42 could be candidates for prototype Teschovirus B strains, further experimental verification is needed.
Although PTV has a high prevalence in pig populations [3, 28] , even as an indicator of porcine faecal contamination of surface water [29] , the genotypes of field strains common among pig populations are difficult to determine owing to the high sequence variation of the PTV VP1 gene. An efficient strategy for amplifying the complete VP1 genes of PTV isolates using five different nested PCR methods was proposed in our study, and in total, 90 complete VP1 gene sequences were obtained in 75 samples positive for PTV. This strategy was thus more effective than the method proposed by Cano-Gómez et al. [23] , who obtained 64 complete VP1 gene sequences from 82 PTV-positive samples. Multiple PTV genotypes were found co-circulating in Hunan Province, which exhibited a high genetic diversity of PTVs prevalent among pig populations. Moreover, 23 samples contained at least two PTVs, 19 of which belonged to different PTV genotypes. Although PTV co-infections with other enteric viruses, including porcine sapelovirus [16, [30] [31] [32] , porcine enterovirus [16, [30] [31] [32] , porcine kobuvirus [32] , porcine circovirus [33] and porcine transmissible gastroenteritis virus [33] , have been frequently reported, widespread co-infection with different PTV isolates (genotypes) has never been previously reported. The occurrence of coinfection with different PTV isolates (genotypes) may be related to infection with strains with low pathogenicity, as well as to the lack of cross-protection between different PTV strains.
In conclusion, 90 complete PTV VP1 gene sequences were obtained, and 20 PTV genotypes, including 11 known genotypes and nine novel genotypes, were identified, revealing a high genetic diversity among PTVs prevalent in the pig populations of Hunan Province, China. Two PTV strains (HuN41-42) isolated from ST cells were identified as Teschovirus B on the basis of genetic analyses of the genome sequence. However, the classification of these novel PTV strains was not confirmed by serological methods. Further studies should focus on confirming the classification of novel PTV genotypes (species) using both serological and genomics approaches.
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